








































alpha	 suppression	 over	 posterior	 scalp	 regions	 during	 observation	 of	 facial	 gestures	 but	 not	 non-39	
biological	movement,	suggesting	that	OT	targets	self-other	matching	and	attentional	cortical	networks	40	
involved	 in	 social	 perception	 from	 very	 early	 infancy.	 Second,	 OT	 increased	 infant	 production	 of	41	
matching	 facial	 gestures	 and	 attention	 towards	 the	 most	 socially-relevant	 facial	 stimuli,	 both	42	
behaviors	 typically	 silenced	 by	 early	 social	 deprivation.	 Third,	 infants	 with	 higher	 cortisol	 levels	43	
appeared	to	benefit	the	most	from	OT,	displaying	greater	improvements	in	prosocial	behaviors	after	44	




















oxytocin	 (OT)	 has	 now	been	 implicated	 in	 a	wide	 range	of	 social	 behaviors	 in	 diverse	mammalian	64	
species	 (Chang	 and	 Platt,	 2014;	 Guastella	 and	 MacLeod,	 2012;	 Lukas	 et	 al.,	 2011).	 Critically,	 the	65	
oxytocinergic	system	is	functional	very	soon	after	birth,	and	is	modulated	via	early	social	interactions	66	
and	other	components	of	early	parenting	(Clark	et	al.,	2013;	Feldman	et	al.,	2010;	Hammock,	2015;	67	
Weisman	 et	 al.,	 2012).	 OT	 signaling	 could	 therefore	 represent	 a	 main	 driver	 of	 early	 social	68	
development	 (Hammock,	2015;	Miller	and	Caldwell,	2015),	with	perturbations	 in	 the	oxytocinergic	69	
system	likely	to	result	in	the	emergence	of	impaired	socio-emotional	functioning	(Meyer-Lindenberg	70	
et	al.,	2011;	Rajamani	et	al.,	2018).	71	










cortical	 mantle,	 and	 a	major	 regulator	 of	 visual	 attention.	 Therefore,	 this	 cholinergic	 input	 could	82	
represent	a	core	neural	mechanism	through	which	OT	mediates	visual	attention	in	response	to	socially	83	
relevant	cues	(Freeman	et	al.,	2014;	Putnam	et	al.,	2018). Research	with	rhesus	macaque	monkeys	84	
also	 indicates	 that	 OT	 modulates	 serotonergic	 communication	 between	 the	 raphe	 nucleus	 and	85	
amygdala	via	5HT1A	receptors	(Lefevre	et	al.,	2017).	Interestingly,	some	prosocial	consequences	of	86	
OT	have	been	linked	to	reduction	in	anxiety	and	increased	stress	coping	(Campbell,	2010;	Heinrichs	et	87	








Adult	 human	 electroencephalography	 (EEG)	 and	magnetoencephalography	 (MEG)	 studies	 indicate	95	
that	OT	also	influences	widespread	cortical	activity	during	social	perception	tasks,	particularly	in	the	96	
alpha	frequency	band	(8-13	Hz	in	adults;	5-9Hz	in	infants)	(Festante	et	al.,	2020;	Levy	et	al.,	2016;	Perry	97	
et	 al.,	 2010).	 Oscillations	 in	 this	 frequency	 band	 are	 maximally	 expressed	 in	 amplitude	 (they	 are	98	
‘synchronized’)	 during	 periods	 of	 rest,	 becoming	 suppressed	 (or	 desynchronized)	 during	 tasks	99	
requiring	cortical	engagement.	Alpha	synchronization	is	classically	related	to	a	cortical	idling	state	that	100	
results	 from	 the	 synchronous	neural	 firing	 of	wide	 cortical	 areas	 (Nunez	 et	 al.,	 2001),	while	more	101	
recent	 theories	 posit	 that	 high	 amplitude	 oscillations	 in	 this	 band	 also	 reflect	 a	 selective	 cortical	102	
inhibition	of	thalamo-cortical	and	cortico-cortical	information	transfer	associated	with	task-irrelevant	103	
or	task-competing	processes	(Klimesch,	2012).	Conversely,	a	suppression	of	alpha	oscillations	typically	104	
represents	 task-dependent	 cortical	 activation	 (Klimesch,	 2012).	 In	 particular,	 suppression	 of	 alpha	105	
band	activity	over	centro-parietal	cortical	regions	(i.e.,	the	mu	rhythm	or	sensorimotor	alpha)	has	been	106	
linked	to	self-other	mapping	(Arnstein	et	al.,	2011;	Fox	et	al.,	2016),	and	over	parieto-occipital	regions	107	
to	 attentional	 processes	 (i.e.,	 visual/attentional	 alpha)(Pfurtscheller	 et	 al.,	 1994).	 Altogether,	 this	108	
indicates	that	OT	modulates	cortical	network	activity	underlying	both	these	cognitive	processes.		109	



















cases	 where	 no	 social	 improvement	 was	 reported,	 specific	 OT-related	 effects	 in	 other	 symptom	128	
domains	were	found	(e.g.	decrease	in	repetitive	behaviors)	(Bernaerts	et	al.,	2020).	129	
	It	 is	 therefore	 of	 particular	 importance	 to	 better	 clarify	 the	 role	 of	 oxytocin	 in	 early	 social	130	
development,	 especially	 in	 the	 context	 of	 early-emerging	 socio-emotional	 deficits,	 and	 elucidating	131	














Here	we	 used	 a	 blind,	 placebo-controlled,	within-subjects	 design	 and	 infants	were	 nebulized	with	146	
oxytocin	 or	 saline	 (one	 per	 day)	 on	 two	 different	 days,	 before	 undergoing	 EEG	 testing.	 EEG	147	
assessments	 were	 performed	 while	 infants	 observed	 an	 experimenter	 producing	 dynamic	 facial	148	
gestures,	a	paradigm	that	has	been	found	to	elicit	EEG	alpha/mu	suppression	previously	 in	human	149	













animal	 care	and	 testing	procedures	adhered	 to	 the	NIH	Guide	 for	 the	Care	and	Use	of	 Laboratory	162	
Animals,	 and	were	approved	by	 the	Eunice	Kennedy	Shriver	National	 Institute	of	Child	Health	and	163	
Human	 Development	 (NICHD)	 and	 the	 University	 of	 Maryland	 Institutional	 Animal	 Care	 and	 Use	164	
Committee.	Infants	were	separated	from	their	mothers	on	the	day	of	birth,	and	subsequently	raised	165	
in	 a	 nursery	 following	 the	 protocol	 reported	 by	 Simpson	 et	 al.,	 (2016).	 Further	 details	 concerning	166	
















At	 the	 beginning	 of	 each	 treatment	 session,	 infants	 were	 brought	 to	 a	 testing	 room.	 During	 EEG	183	
acquisition,	 one	 experimenter	 held	 the	 infant	 while	 a	 second	 served	 as	 the	 stimuli-presentation	184	
model.	 The	 procedure	was	 based	 on	 an	 imitation	 task	 previously	 developed	 for	 infant	macaques	185	









face	 sequence	was	 repeated	 three	 times	 in	 total.	A	 schematic	 representation	of	 the	experimental	194	
procedure	is	illustrated	in	Fig.	1.	195	
All	the	three	conditions	were	presented	during	the	same	EEG	recording	session.	Each	session	lasted	196	
approximately	 15	minutes,	which	 included	 the	 time	 to	place	 the	 EEG	 cap	 and	 short	 breaks	 (~	 1-2	197	
minutes)	between	each	condition.	All	experimenters	were	familiar	caretakers,	blind	to	the	treatment	198	




























with	 ten	 tin	 electrodes	 (see	 Fig.	 2).	 Four	 anterior	 electrodes	were	 placed	 approximately	 over	 the	226	
frontal/motor	cortex	(A1,	A3:	anterior	left;	A2,	A4:	anterior	right)	and	four	posterior	electrodes	were	227	
placed	approximately	over	the	parietal	cortex	(P1,	P3:	posterior	left;	P2,	P4:	posterior	right).	The	vertex	228	
served	 as	 the	 reference,	 while	 an	 electrode	 located	 on	 the	 forehead	 served	 as	 the	 ground.	 The	229	






2012;	Vanderwert	et	al.,	 2012).	This	was	calculated	as	 the	percentage	change	 in	average	absolute	236	
power	(μV2)	during	the	stimulus	presentation	(i.e.,	LS,	TP	or	disk	rotation)	from	baseline	(i.e.,	still	face	237	
or	still	disk),	with	condition-specific	(averaged	across	epochs	in	that	condition)	baselines	utilized.	As	238	
in	 previous	 EEG	 studies	 of	 alpha	 activity	 in	 macaques	 (Ferrari	 et	 al.,	 2012;	 Festante	 et	 al.,	 2018;	239	
Vanderwert	et	al.,	2015),	suppression	was	calculated	for	two	clusters	of	electrodes:	one	anterior	(4	240	
electrodes)	 and	 one	 posterior	 (4	 electrodes).	 For	 each	 cluster	 (anterior/posterior),	 in	 each	241	


















analysis	 of	 the	 EEG,	 linear	mixed	models	were	 utilized	with	 alpha	 suppression	 during	 observation	259	
treated	as	the	dependent	measure.	For	each	condition	(LS/TP/disk),	a	model	was	run	that	included	260	
electrode	 cluster	 (anterior/posterior),	 treatment	 (saline/oxytocin),	 and	 their	 interaction	 as	 fixed	261	
effects,	and	subject-specific	intercepts	and	by-treatment	subject-specific	slopes	as	random	effects.		262	
Linear	mixed	models	were	used	to	explore	infants’	own	behavior	during	the	different	experimental	263	
conditions	 (LS/TP/disk).	For	each	condition,	models	were	run	to	 investigate	the	proportion	of	 time	264	
infants	 spent	 gazing	 at	 the	 stimulus	 (i.e. time	 attending	 to	 the	 stimulus	 divided	 by	 total	 time	 the	265	
stimulus	was	presented),	log-transformed	to	avoid	issues	with	analyzing	raw	proportions	using	linear	266	



























During	 observation	 of	 lip-smacking	 (LS),	 a	 significant	 main	 effect	 of	 electrode	 cluster	293	
(anterior/posterior)	was	revealed	[F1,	34)	=	6.49,	p	=	0.016],	as	well	as	a	significant	electrode	cluster	294	
by	treatment	 (oxytocin/saline)	 interaction	[F(1,	34)	=	5.35,	p	=	0.027].	Follow-up	analyses	revealed	295	













Fig.	 3:	 Alpha	 suppression	 for	 each	 condition	 in	 anterior	 and	 posterior	 electrode	 clusters.	 Mean	308	
percentage	of	alpha	power	change	from	baseline	during	observation	of	the	Disk,	 lip-smacking	(LS),	309	
and	tongue	protrusion	(TP)	conditions,	in	the	saline	and	oxytocin	(OT)	treatments.	Error	bars	represent	310	























































































Three	 key	 effects	 of	 OT	 administration	 on	 infant	macaque	 responses	 to	 live	 facial	 gestures	 were	363	
revealed	 here:	 i)	 increased	 cortical	 activation	 in	 the	 alpha	 frequency	 band;	 ii)	 more	 frequent	364	
production	of	infant	own	facial	gestures;	and	iii)	modulation	of	a	relationship	between	cortisol	levels	365	
and	prosocial	behavior.	Altogether,	this	suggests	that	OT	has	an	active	role	in	the	early	emergence	of	366	
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Our	EEG	analysis	revealed	an	effect	of	acute	exogenous	OT	on	activity	in	the	alpha	frequency	band	369	










Increased	 alpha	 suppression	 after	 OT	 administration	 is	 in	 keeping	 with	 adult	 action	 observation	380	
studies	(Festante	et	al.,	2020;	Levy	et	al.,	2016;	Perry	et	al.,	2010)	pointing	to	the	mirror	system	as	a	381	
neural	target	of	OT.	Classically,	this	system	comprises	premotor	regions,	the	inferior	frontal	gyrus,	and	382	












deprivation	 in	macaques	(Vanderwert	et	al.,	2015)	and	the	quality	of	mother-infant	 interactions	 in	395	








not	 exclusively,	 reflect	 sensorimotor	 activity,	 but	 instead	 could	 represent	 visual/attentional	 alpha	403	
modulation.	 In	 	 human	adults,	OT	does	 increase	 alpha	 suppression	over	much	of	 the	 scalp	during	404	
action	observation	(Festante	et	al.,	2020;	Perry	et	al.,	2010),	not	just	in	central	regions.	An	interesting	405	
possibility	 is	 that	 suppression	 in	parietal	 locations	 found	 in	our	 study	 reflects	 increased	 functional	406	
connectivity	between	occipital	and	central	brain	regions,	and	thus	greater	coupling	of	mirroring	and	407	
attentional	processes,	which	are	 likely	 to	occur	concurrently	 (Debnath	et	al.,	2019;	Festante	et	al.,	408	
2020).		409	
A	 possible	 mechanism	 through	 which	 OT	 influences	 alpha	 suppression	 involves	 OT-sensitive	410	
cholinergic	innervations	from	NBM	to	the	amygdala	and	the	cerebral	cortex	(Freeman	et	al.,	2014).	411	
Across	 NHP	 species,	 NBM	 is	 a	 key	 regulator	 of	 visual	 attention,	 especially	 in	 response	 to	 social	412	
stimulation,	and	its	activity	has	been	linked	to	alpha	band	reactivity	in	humans	(Wan	et	al.,	2019).	It	is	413	
therefore	 plausible	 that	 OT–OXTR	 binding	 in	 NBM	 activates	 this	 cholinergic	 circuitry,	 thereby	414	
facilitating	alpha	suppression	linked	to	social	attention	and	facial	gesture	coupling.	It	is	also	possible	415	
that	mechanisms	of	 visual	 attention	mediated	by	 the	 SC	modulate	visual	orienting	 responses,	 and	416	
therefore	 influence	 how	 a	 face	 stimulus	 is	 explored	 and	 processed,	 both	 in	 terms	 of	 gesture	417	











production	 of	 facial	 gestures.	 Intriguingly,	 not	 only	 did	 own	 facial	 gestures	 increase	 after	 OT	429	
administration,	but	infant	gesture	production	was	also	very	well	attuned	to	the	gestures	produced	by	430	
the	experimenter.	In	fact,	increases	in	TP	occurred	specifically	in	the	TP	condition,	and	increases	in	LS	431	
in	 the	 LS	 condition.	 This	 result	 is	 somewhat	 surprising	 as	macaques	 do	 not	 typically	 express	 such	432	
synchronous,	matched	responses	at	three	months.	Newborn	macaques	do	tend	to	respond	to	their	433	
mother’s	LS	with	LS	themselves	(Ferrari	et	al.,	2009),	but	this	kind	of	response	becomes	increasingly	434	








involve	a	self-other	matching	mechanism.	For	example,	 in	adults,	 intranasal	OT	 in	adults	enhances	442	
motor	facilitation	during	manual	action	observation	(Prinsen	et	al.,	2018),	and	increases	both	facial	443	
and	 finger	movement	mimicry	 (De	Coster	et	 al.,	 2014;	Korb	et	 al.,	 2016).	Our	 study	demonstrates	444	
similar	motor	facilitation	effects	of	OT	in	early	infancy.		445	
One	idea	is	that	OT	is	involved	in	experience-dependent	plasticity	processes	whereby	OT	mediates	the	446	





et	 al.,	 2003)	 further	 supports	 the	 idea	 that	 this	 system	 was	 compromised	 in	 our	 nursery-reared	452	
sample,	though	this	should	be	explored	more	explicitly	in	future	research.	453	
Finally,	we	found	a	relationship	between	infant	cortisol	and	prosocial	behaviors,	with	higher	cortisol	454	
levels	 related	 to	more	 time	 spent	 gazing	 towards	 facial	 gestures,	 and	 increased	 production	 of	 LS	455	
gestures	in	the	LS	observation	condition	only.	This		could	indicate	that	more	stressed	or	anxious	infants	456	
benefited	 most	 from	 OT	 due	 to	 its	 anxiolytic	 effects,	 in	 accordance	 with	 studies	 suggesting	 that	457	
prosocial	effects	of	OT,	at	 least	 in	part,	are	 linked	to	reductions	 in	anxiety	 (Campbell,	2010).	More	458	






There	 are	 some	 limitations	 of	 our	 study	 that	 must	 be	 considered.	 First,	 effects	 of	 OT	 can	 differ	465	
depending	on	dosage	and	whether	it	is	chronically	versus	acutely	delivered	(Parr	et	al.,	2016;	Rault	et	466	
al.,	2013),	so	the	use	of	only	acute	administration	here	limits	the	extendibility	of	our	findings.		Second,	467	
we	 only	 assessed	 infants	 at	 one-time	 point,	 so	 possible	 long-term	 rescue	 effects	 of	 OT	 remain	468	
unknown.		Finally,	it	is	possible	that	our	sample	size	limited	our	ability	to	detect	relationships	between	469	
our	 different	 variables.	 Therefore,	 although	 these	 findings	 further	 our	 understanding	 and	 are	470	
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prosocial	 responsiveness	and	 related	cortical	activity	 in	 infant	macaques	at	a	developmental	 stage	475	
when	brain	plasticity	is	greatest.	This	adds	to	our	knowledge	concerning	the	role	of	OT	in	early	socio-476	
emotional	development,	 and	 can	guide	 future	 research	with	human	 infants.	Our	 results	 also	have	477	
important	translational	and	clinical	implications,	suggesting	that	OT	administration	can	promote	social	478	
responses	that	were	potentially	impacted	by	early	social	adversity.	Ultimately,	such	knowledge	could	479	
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